We systematically investigate the perpendicular magnetocrystalline anisotropy (MCA) in Co−Pt/Pd-based multilayers. Our magnetic measurement data shows that the asymmetric Co/Pd/Pt multilayer has a significantly larger perpendicular magnetic anisotropy (PMA) energy compared to the symmetric Co/Pt and Co/Pd multilayer samples. We further support this experiment by first principles calculations on the CoPt 2 , CoPd 2 , and CoPtPd, which are composite bulk materials that consist of three atomic layers in a unit cell, Pt/Co/Pt, Pd/Co/Pd, Pt/Co/Pd, respectively. By estimating the contribution of bulk spin-momentum coupling to the MCA energy, we show that the CoPtPd multilayer with the symmetry breaking has a significantly larger perpendicular magnetic anisotropy (PMA) energy than the other multilayers that are otherwise similar but lack the symmetry breaking. This observation thus provides an evidence of the PMA enhancement due to the structural inversion symmetry breaking and highlights the asymmetric CoPtPd as the first artificial magnetic material with bulk spin-momentum coupling, which opens a arXiv:1809.00801v2 [cond-mat.mtrl-sci] A series of samples representing the repetitive [Co/Pt] n , [Co/Pd] n , and [Co/Pd/Pt] n multilayer structures have been fabricated with various thicknesses according to the procedure described previously S1 . In Fig. S1a , we show the dependence of effective magnetocrystalline anisotropy (MCA) values, i.e. K eff = H k M s /2, as functions of Co layer thickness. While the K eff of [Co/Pt] n multilayers shows an optimum value at Co thickness of around 0.4 nm, the K eff values of [Co/Pd] n and [Co/Pd/Pt] n multilayers tend to keep increasing with the decreasing Co thickness, hence no optimum Co thickness have been implied for [Co/Pd] n and [Co/Pd/Pt] n multilayes. We therefore consider 0.4 nm to be the optimum thickness of Co layer and fix the Co thickness to 0.4 nm to see further the behavior of K eff on the various heavy metal layer thicknesses, as summarized in Fig. S1b .
new pathway toward the design of materials with strong PMA.
The interplay between magnetism, electronic structure and spin-orbit coupling (SOC) in materials has led to the possibility to utilize both the charge and spin degrees of freedom of electrons for spintronic devices [1] [2] [3] [4] . Among the most important effects emerging from the SOC is the magnetocrystalline anisotropy (MCA), resulting in a preferred magnetization direction with respect to the crystallographic structure of materials [5, 6] . For the practical design of devices, the perpendicular magnetic anisotropy (PMA) with respect to surface/interface planes is strongly desired [7] [8] [9] , as the manipulation of the magnetic moment directions and/or the magnetic domain walls can be done more efficiently [10, 11] .
The origin of MCA has long been an outstanding scientific issue, and various developments have been made to advance the understanding of this phenomenon. For example, the MCA has initially been attributed to the orbital localization as a result of reduced dimensionality [12, 13] . It was also shown that the MCA is strongly related to the SOC of the electronic states near the Fermi level [14] . As a consequence, manipulation of the band structure around the Fermi level provides a natural way to tune the MCA. This can be achieved by the modification of the orbital occupation, for example via the application of an external gate voltage [15, 16] , or by direct chemical manipulations of the band structure. The latter is commonly done by doping or impurities [17, 18] or by engineering the materials interfaces [19, 20] . Another milestone in understanding the MCA comes from the proportionality of MCA and the anisotropy of SOC-induced orbital magnetic moment, which was proposed by Bruno [21] , and has been confirmed in different materials [22] [23] [24] .
Another mechanism of MCA, which depends on broken inversion symmetry, has been proposed [25, 26] . In systems with broken inversion symmetry, the SOC becomes odd in the momentum k space [27] . The oddness of SOC in the k space is visible for instance from the Rashba model of SOC [28] which has the form H R = α R k ×ẑ · σ that depends on linear term of k. Here the α R is the Rashba parameter, and z is the direction of inversionsymmetry-breaking-induced potential gradient. We note that the broken inversion symmetry results not only in the linear-in-k contribution but also in higher-odd-order contributions.
From now on, we use the term "Rashba" to describe all odd-order-in-k contributions for simplicity. Since the Rashba interaction only develops in non-centrosymmetric systems, the strength of Rashba parameter can provide an indication to the degree of structural inversion (3)) 0.000 0.000 0.185 symmetric breaking. Although it was originally proposed in nonmagnetic materials [28] [29] [30] , Rashba-type spin splitting was later observed also in magnetic systems, such as on the Gd(0001) grown on an oxide substrate [31] . Recently, the MCA has been analyzed using the SOC model of Rashba [25, 26] and it was shown that MCA changes with the increasing Rashba parameter strength, i.e. the more asymmetric the system is, the stronger it develops the MCA. Such description is very insightful for the understanding of MCA, however, its verification is still lacking.
We report in this work our analysis on the effects of asymmetric stacking of Co−Pt/Pdbased multilayer systems by combining experimental magnetic measurements and firstprinciples calculation. Co/Pt and Co/Pd-based layered structures have been well known to exhibit strong PMA of about 3−10 Merg/cm 3 [10, [32] [33] [34] [35] [36] . We show that the broken inversion symmetry plays a significant role in the appearance of PMA in this material. These results present an evidence to the PMA driven by structural asymmetry as suggested in previous theoretical analyses [25, 26] and may provide a useful guide in the design of materials with strong PMA.
In order to study the effect of the symmetry of the stacking structure on the magnetic behavior, three variations of the multilayer structures were fabricated as follows: [Co(0. multilayer part was formed on the hcp-c-plane oriented Ru buffer layer with a flat interface.
Larger K eff values of the asymmetric samples with respect to those of the symmetric ones are consistently observed in various samples with different thicknesses, see Supplemental
Material [37] .
We now turn to our first-principles calculations in the basis of Density Functional Theory (DFT) approach to CoPt 2 , CoPd 2 , and CoPtPd model systems in order to understand the origin of this behavior (see Supplemental Material [37] for the detail of calculations).
The structures resemble that of nonmagnetic noncentrosymmetric semiconductor BiTeI [38] , which exhibits bulk Rashba spin-momentum coupling. The calculated E MCA per unit volume are summarized in the first row of and it may be related to one of the following scenarios: (i) the difference in the number of valence electrons in all unit cells [6] ; (ii) the difference in the SOC strength [24] ; (iii) the anisotropy of orbital magnetic moment, as proposed by Bruno [21] ; (iv) the different orbital hybridization that occurs in the considered systems [22] ; and/or finally (v) the structural inversion symmetry breaking along z [25, 26] that leads to the bulk Rashba-type splitting [38] in the CoPtPd case, compared to the other two systems.
The trivial scenarios (i) and (ii) can immediately be ruled out, as discussed in the Supplemental Material [37] , due to the same total number of valence electrons in the unit cell, which is 29, and the presence of Pd in CoPtPd which has larger PMA than CoPt 2 . Additionally, the anisotropy of the orbital magnetic moment, induced as a direct consequence of SOC, can be considered by defining µ anis orb = µ ip orb − µ op orb . From our fully self-consistent SOC calculations, we obtain µ anis orb to be −0.025 µ B for CoPt 2 , which is larger than −0.023 µ B for CoPtPd. Therefore, a larger MCA does not trivially correspond to a larger orbital moment anisotropy in the CoPtPd system here, thus making scenario (iii) inapplicable. Indeed, it has been pointed out that an extra care should be taken when considering the Bruno model for systems with strong spin-orbit coupling such as those containing 5d transition metal elements [39] .
To assess the relevance of scenario (iv), we calculated the Densities of States (DOSs) of these systems, as shown in Fig. S1 of the Supplemental Material [37] . The calculated magnetic moments in all systems are found to be more than 2.0 µ B for Co and around 0. As in the case of nonmagnetic systems [28] [29] [30] , the broken inversion symmetry in magnetic materials also results in the band splitting in the presence of SOC, as described by the Rashba model. This effect has previously been demonstrated in Gd(001) magnetic surfaces [31] . We note however that the Rashba effect manifests differently in the nonmagnetic and magnetic systems, as can be summarized in the following [31] : In nonmagnetic systems, the presence of Rashba interaction splits the otherwise degenerate up-and down-spin states.
In ferromagnetic systems, the degeneracy of the up-and down-spins are already lifted, and Rashba interaction enhances/reduces the splitting depending on the sign of k · (ẑ × m). The resulting splitting is thus asymmetric with respect to k and the sign of asymmetry gets reversed when m is reversed. The asymmetric splitting is most pronounced along the k direction parallel toẑ × m.
Therefore, in order to consider the role of structural asymmetry in the present model systems, we first visualize the spin splitting by following the prescription introduced in previous works [27, 31, 40] . We choose two different directions of in-plane magnetization, i.e. along +x and −x directions. The results are presented in Fig. 2 representing the symmetric case and CoPtPd in which the inversion symmetry is broken.
The band structures are presented in Figs. 2a-2d along the (k x , k y , k z )=(0,− 1 2 ,0)→(0, 1 2 ,0) path. Near the Fermi level, the band structures are mainly dominated by the Co minorityspin states, as shown Figs. 2a and 2b without SOC. The majority-spin bands, on the other hands, are largely dispersive, and dominated by the Pt and Pd bands. When the SOC is switched on, the characteristic Rashba-type splitting for ferromagnetic system [31] emerges in the asymmetric CoPtPd case (Fig. 2d ), but is absent in the band structure of CoPt 2 case (Fig. 2c) . 
as indicated by the blue arrow in Fig. 2f . Such mirror symmetry is disappearing along k x for this particular magnetization direction, as pointed out by Grytsyuk, et al. [27] . The two-dimensional contour map of E MCA within the (k x , k y ) plane is fully symmetric along k y for CoPt 2 , in contrast to the nonsymmetric CoPtPd case.
We can proceed further by defining the E MCA as the E(m +x )−E(m z ) or E(m −x )−E(m z ).
Both definitions give the same total MCA energy as reported in Table I 
which is exactly the E MCA within the whole Brillouin zone. The estimation of this contribution to each model system is also shown in 
can also be defined. This quantity provides an estimation on the shift of the Fermi surface, thus the estimation of the degree of inversion symmetry breaking. As summarized in the last row of Table I , E odd MCA is zero for both symmetric CoPt 2 and CoPd 2 . The E odd MCA in CoPtPd is on the other hand very large, implying that the system is highly nonsymmetric.
To gain an additional insight on the role of the broken inversion symmetry, one may use a simple argument in which the MCA energy is expressed as E MCA = λ εuo in the second-order perturbation theory, where ε uo denotes the energy gap between the occupied and unoccupied states, while the λ contains the spin-orbit interaction between these states and depends on the SOC coupling constant. The E εuo+∆ε , in which ±∆ε denotes the widening or narrowing of the energy gap due to the departure from the symmetric band structure, and hence is absent (∆ε = 0) in the symmetric cases (Fig. 2c) . The ±∆ε is therefore only present in the asymmetric systems, and in the case of CoPtPd (Fig. 2d) , ±∆ε describes for instance the gap widening and narrowing at k y = −0.2 and k y = 0.2. The total contribution is nothing but the E even MCA in Eq. (2) as summarized in Table I . However, in the specific cases, where the broken inversion symmetry is present (∆ε = 0), the total MCA energy will be given by
Since ( ∆ε ε 0 ) 2 is always positive, Eq. (4) indicates that the presence of ∆ε due to the asymmetry will lead to an increase of MCA. In other words, the enhancement of E even MCA due to the inversion symmetry breaking is given by ∆E even MCA = ∆ε εuo 2 E even MCA , showing that such modification indeed occurs only in asymmetric systems, thus capturing the enhancement of MCA energy due to the spin-momentum coupling, as proposed recently [25, 26] .
At this stage, it is appealing to consider the origin of Rashba-type splitting in the CoPtPd.
Returning to the band structure of CoPtPd (with SOC, Fig. 2d ), the splitting can be seen for instance near the Fermi level around k y = ±0.2 and at the energy of −1 eV around the Γ point. Furthermore, this splitting is likely to be induced by the Pt and Pd states. Around the Fermi level, for example, the Rashba-type splitting at around k y = ±0.2 is clearly dominated by the states indicated by the red broken rectangle in Fig. 2b Finally we note the similarity between the structure of CoPtPd system in the present work and that of the nonmagnetic noncentrosymmetric semiconductor BiTeI [38] . The crystal structure of BiTeI consists of triangular network of single layers of Bi, Te, and I. In this system, a giant bulk Rashba-type splitting has also been recently observed [38] . Our work thus highlights the presence of bulk Rashba-type effect due to the broken inversion symmetry in magnetic materials, as well as a possible direct consequence in terms of the enhanced MCA.
In summary, from our combined first-principles calculation and experimental results, we provide for the first time an evidence for the asymmetric-structure-driven enhancement of PMA in the transition metal multilayers. In agreement with previous prediction on the MCA modulation due to the change in the Rashba parameter [26] , we show that the breaking of inversion symmetry does not only lead to a modification, but also to an enhancement, to the PMA. While the PMA is realized through Co which carries the magnetic moments, the 2)] n multilayers, an important behavior can be discerned. As discussed in the main text, if only the interfacial effect is crucial to determine the MCA, the expected value of K eff of [Co/Pd/Pt] n would be the average of those of [Co/Pd] n and [Co/Pt] n . However, in samples with same heavy metal thicknesses, the MCA constant of the asymmetric system [Co/Pd/Pt] n is always larger than those of the other systems, even when an optimum Co thickness in [Co/Pt] n has been assumed, with visibly larger K eff than the average values of [Co/Pd] n and [Co/Pt] n . A consistently larger perpendicular MCA in the [Co/Pd/Pt] n case should therefore support the crucial role of bulk spin-orbit coupling effect in driving the enhanced MCA in the asymmetric multilayer.
II. FIRST-PRINCIPLES CALCULATIONS
Our calculations employ the Generalized Gradient Approximation (GGA) S4 functional as implemented in the Full-Potential Linearized Augmented Plane Wave (FLAPW) code S5-S7 . The in-plane lattice constant has been fixed to the optimized value of bulk Pt, but the out-ofplane atomic positions and lattice constants, i.e. normal to the layer plane, have been relaxed for all systems. The MCA energy E MCA has been defined in the calculations as E MCA = E ip − E op , where E ip (E op ) refers to the total energy of the in-(out-of-)plane magnetization, implying that positive E MCA indicates the preferred out-of-plane magnetization. The SOC 
